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Introduction
Strained rings are an important class of molecules and investigations into their properties have revealed fundamental insights into structure, stereochemistry and bonding. 1 They are also precursors to functional materials via ring-opening polymerization (ROP) 2 and key synthetic intermediates en route to complex molecules by cycloaddition reactions. 3 Prototypical three and four-membered carbon rings I and II (Scheme 1, top) are highly strained, but nevertheless resist nucleophilic, electrophilic, or dipolar ring opening due to the high barrier for heterolytic fission for non-polar C-C bonds (ca. 1300 kJ mol -1 in ethane). 4 In contrast, derivatives functionalized with vicinal donor-acceptor groups (III and IV, Scheme 1, top) have polarized bonds and, consistent with expectation of a lower barrier for C-C heterolysis, a rich ring-opening and expansion chemistry exists for the archetypal organic frameworks III and IV that is inaccessible to I and II. For example, while cyclopropane and cyclobutane are both unreactive towards dipolar substrates, a vast array of cycloaddition reaction have been reported between donoracceptor functionalized cycloalkanes and 1,2-dipoles (e.g. nitriles, 5 , 6 , 7 , 8 nitrosyls, 9 , 10 ketones, 11 aldehydes 12 ), permitting the rapid assembly of complex four-, five-, and six-membered heterocycles. 3, 13 In these reactions, donor-acceptor functionalized strained cycloalkanes behave as masked dipoles whose reactivity is analogous to that of canonical dipoles like the azide anion.
For example, the reaction of donor-acceptor cyclopropanes with nitriles (Scheme 1, bottom) to give five-membered C4N frameworks (pyrrolines) 5 parallels the reaction of azides with nitriles to give CN4 frameworks (tetrazoles). 14 A large number of strained inorganic rings are now also known and in some cases their ROP has led to the development of functional inorganic polymers such as polysiloxanes, polyphosphazenes, polythionylphosphazenes, 15 polymetallocenes, 16 and polysilazanes. 17 , 18 , 19 , 20 However, strained rings featuring homoatomic inorganic frameworks -especially heavier analogues of I-IV -are rare, 21 and their reaction chemistry is therefore underdeveloped, preventing access to materials and molecules with potentially unique physical and chemical properties. Given that bond polarization is the principle underlying the broad synthetic potential of donor-acceptor functionalized cycloalkanes, it is reasonable to expect that strained inorganic homocycles with polarized bonds should also exhibit a rich ring-opening and ring-expansion chemistry. Understanding this chemistry may reveal strategies for evolving complex inorganic systems from the simple cyclic precursors that result from Wurtz coupling of element halides. Scheme 1. The dipolar reactivity of donor-acceptor functionalized cycloalkanes.
Cyclophosphines represent the most extensively developed class of inorganic homocycles with rings featuring cyclo-P3, -P4, -P5, and -P6 skeletons having been structurally characterized. 22 Depending upon the size of the substituent at phosphorus, rings with differing sizes can be present simultaneously in solutions. For example, solutions of (MeP)n contain 1:1:5 ratios of the P3, P4, and P5 homocycles, respectively, at 60 o C. 23 When the bulkier C4H9 ( t Bu) substituent is employed, stable solutions containing pure ( t BuP)3, 1, and ( t BuP)4, 2, can be prepared over a broad temperature range ( Figure 1 ). 24 It is also possible to coordinate a range of electrophiles to one of the phosphine centres in 1 and 2 to access derivatives [3R] + and [4R] + . 25 Figure 1 . Model compounds for studying the ring-opening and ring-expansion of phosphorus homocycles as a function of ring-strain and bond polarization.
The P-P bonds in phosphino-phosphonium cations, of which [3R] + and [4R] + are a subclass, have been theoretically predicted 26 and experimentally verified 27 by Burford to have lower P-P heterolysis energies compared to neutral diphosphines due to increased polarization of the homoatomic bond. In this regard they are related to the amino-substituted diphosphines compounds extensively studied by Gudat, which also exhibit surprisingly facile P-P bond heterolysis due to resonance-stabilization of the resulting phospheniums. 28 Based on these precedents, we draw the analogy between neutral cyclophosphines (1, 2) and unfunctionalized cycloalkanes (I, II), which contain nonpolar homoatomic bonds, and between activated cyclophosphines ([3R] + , [4R] + ) containing donor-acceptor bonds and donor-acceptor functionalized cycloalkanes (III, IV), having polarized homoatomic bonds. This comparison implies a masked dipolar reactivity for cationic cyclophosphines that is kinetically inaccessible to neutral cyclophosphines.
The solution-phase fidelity of ring sizes in 1, 2, and their activated derivatives, [3R] + and [4R] + , makes them ideal substrates for testing this analogy and, more broadly, for systematically modelling the influence of ring-strain and bond polarization on the ring-opening and ringexpansion chemistry of inorganic homocycles. Here we investigate these factors in the context of cyclophosphine ring-expansion by studying the reactivity of 1, 2, [3Me] + , and [4R] + (R = H, Me, Cl, F) towards nitriles and isonitriles. Nitriles are prototypical 1,2-dipolar reagents (N -donor, C -acceptor), while isonitriles, due to the simultaneous presence of a lone pair and a vacant porbital at the terminal carbon atom in derivatives of R-N=C:, behave as 1,1-dipoles (C -donor, acceptor). We also examine the influence of bond polarization on the ring-opening chemistry for a given framework size in reactions of [4R] + with dmap. Our results hint at a rich cycloaddition and ring-opening chemistry for inorganic analogues of donor-acceptor cycloalkanes and provide a theoretical framework within which to predict and interpret this reactivity.
Results and Discussion
Compounds 1 and 2 were prepared as a mixture by reduction of t BuPCl2 with magnesium, and separated by distillation (Scheme 2). 29 25, 30, 31 The novel salt [4F][OTf] was prepared by treatment of a cold (-20 o C) dichloromethane solution containing 2 and Me3SiOTf with XeF2 followed by removal of volatile byproducts (Me3SiF and small amounts of t BuPF2). The 31 P NMR spectrum of [4F] + in MeCN showed the expected AM2X spin system with the quaternary phosphorus centre exhibiting a doublet of triplet of doublets due to 1 JPF, 1 JPP, and 2 JPP couplings ( Figure 2 ). The 19 F NMR spectrum of the salt showed, besides a singlet for the triflate anion, a doublet of triplets with 1 JFP and 2 JFP coupling constants that matched the values found in the 31 
Ring Strain and Bond Polarization in 1, 2, [3Me] + and [4Me] +
Calculations of ring-strain in heterocycles containing P-E bonds (E = O, C, S) have been reported previously by Streubel and shown to be valuable in interpreting the reactivity of these ring systems. 34 By contrast, computational assessments of ring-strain in phosphorus homocycles are limited to primary cyclophosphines (PH)n or derivatives with small substituents (e.g. Me). 35 , 36 , 37 , 38 , 39 , 40 We have estimated the ring-strain enthalpies in 1, 2, [3Me] + , and [4Me] + by means of isodesmic reactions shown in Scheme 3 using dispersion-corrected density functional theory (DFT) calculations. These reactions preserve the number and hybridization of each bond, and the molecular charges in the reactants and products. 41 As experimental ring-strain data are not well-established for cyclotriphosphines or cyclotetraphosphines, however, we caution that the values shown in Scheme 3 are only suited for relative comparison rather than as a measure of absolute strain enthalpies.
Comparison of the results for 1 and 2 shows the triphosphorus ring to be nearly 100 kJ mol -1 more strained than the tetraphosphorus ring. We consider that the ring-strain in three- [4Me] + were also calculated and are given in Figure 3 . The difference between the partial charges for adjacent phosphorus atoms provides a measure of bond polarization, with the P-P bond being polarized towards the more positive atom. The partial charges at all phosphorus atoms in 1 or 2 are equal, implying that all P-P bonds in these neutral cyclophosphines are nonpolar. Methylation of the rings leads to drastic increases in the positive charge at the tetravalent phosphorus atoms. For example, the partial charge at P1 increases from +0.26e to +0.82e going from 1 to [3Me] + and from +0.27e to +0.91e going from 2 to [4Me] + . The charges on the remaining trivalent phosphorus atoms in the cations also increase but only marginally, resulting in the overall polarization of P-P bonds towards the tetravalent phosphorus. These values provide a basis for our expectation of dipolar reactivity for [3Me] + and [4Me] + , which should be absent in apolar 1 and 2. and studied by X-ray crystallography. The compounds crystallized in the centrosymmetric space Four diastereomers of [5R] + can be expected, differing by the relative orientation of the t Bu groups in the P-P-P fragment. In all cases we detected only one diastereomer of [5R] + by 31 P NMR spectroscopy and X-ray crystallography (for R = Me, Ph). DFT calculations for R = Me showed that the observed diastereomer is indeed lowest in energy, with a 27.6 kJ mol -1 gap separating it from the next accessible species. This results in a very small Keq (< 0.0001) for the formation of the less stable diastereomer and, consistently, the 31 P NMR spectrum of [5Me][OTf] in the 23-80 o C range showed only signals arising from the isolated cation.
Ring-Expansion of Phosphorus Homocycles with Nitriles
The addition of main group π-bonds to C-N multiple bonds is well-established. 42 However, addition of σ-bonds in heavy p-block homocycles to C-N multiple bonds is rare. Wolf reported that thiocyanates react with a nickel coordinated P4 cage to give cycloaddition products with either a P3CN or a P3CS framework (Scheme 4). 48 Emphasizing the importance of electrophilic activation in both cases (by molecular charge or coordination to a Lewis acid), there are no reports of S8 or P4 exhibiting analogous cycloaddition with nitriles or thiocyanates. The only other example of a 1-aza-2,3,4-triphospholene framework, as found in [5R] + , was reported by Streubel et al. to result from the reaction of tungsten-bound phosphinidene precursors with nitriles (Scheme 4d), although the products were formed in low yields (< 20 %). 49 Gudat has also shown addition of MeCN to the polarized acyclic P-P bond of a neutral diphosphole in the presence of a tungsten Lewis acid (Scheme 4e). 50 (Table 1) , which is consistent with an associative rate determining step. These values provide scant experimental data for the addition of P-P bonds to polar unsaturated bonds. Consideration of solid-state thermodynamics has previously been shown to be important in assessing the stability of polyphosphorus salts. 26 A semi-empirical approach was therefore used to establish the thermodynamic parameters (Grxn, Hrxn, and Srxn) for the conversion of 51 Lattice enthalpies were extracted from crystallographic unit cell volumes using the method of Jenkins, Passmore and Glasser 52 , 53 These values were combined with the experimentally known Svap. for MeCN (111 ± 0.5 J mol -1 K -1 ) 55 and the DFT-calculated entropy change in the gas phase, Sg (195 J mol -1 K -1 ), to yield Srxn as -130 ± 121 J mol -1 K -1 ( Figure S2 , Supporting Information). From these enthalpy and entropy values, we estimate a relatively small Grxn value of -31 ± 42 kJ mol -1 (Table 1) 
Ring-Expansion of Phosphorus Homocycles with Isonitriles
No reaction was detected between 1 or 2 and excess isopropyl isonitrile ( i PrNC) either at 25 o C, The major AMX spin system (93% by integration) was unambiguously linked to the material isolated upon recrystallization (trans arrangement of imine) and the associated 31 The addition of isonitriles to inorganic homocycles has very limited precedence. 57 Weidenbruch reported the oxidative-addition of isonitriles into the Si-Si bonds of cyclotrisilanes and the Ge-Ge bonds of cyclotrigermanes to give ring-expansion products with a Si3C or Ge3C framework. 58 nearly quantitative deprotonation of the cation to yield neutral 2 (Scheme 9a). The 31 P NMR spectrum of the reaction showed a broad resonance for 2, suggesting an equilibrium between
[2H] + and 2 that is mediated by i PrNC (Figure 7a ). Hz). 65 The ABX spin system of 10 is of lower symmetry than the A2X spin systems of These results are consistent with the initial formation of [11] + and its subsequent decomposition by reaction with a second equivalent of i PrNC to give a mixture of 10, t BuPF2, and the unidentified product. Upon addition of a four-fold excess of i PrNC to the reaction mixture, the 31 P NMR spectrum showed > 90 % conversion of starting material to a mixture of t BuPF2, 10,
[11] + , 2 and the unidentified product but separation of these species could not be effected.
However, the spectrum was successfully deconvoluted using iterative lineshape simulation, enabling extraction of chemical shifts and coupling constants for the unisolated compounds 10
and [11] [OTf] ( Figure S8 and Absence of a reaction involving 1 is particularly noteworthy because compound 10, the anticipated product from the addition of i PrNC to 1, was found to be stable in toluene at 120 o C for at least 7 days. Given with the thermodynamic spontaneity calculated for the reactions in Scheme 10 (a, b), we infer the existence of kinetic barriers that prevent formation of insertion products from the neutral rings. These barriers are evidently lowered for the formation of [8 i Pr] + and [9 i Pr] + from the cationic rings.
Reactions of [4R] + (R = H, Me, Cl, F) with dmap
As shown in the preceding sections, the ring-expansion chemistry of cyclophosphines is modulated by strain and bond polarization. We next considered the influence of these features on In the context of these mechanistic models, the site of initial nucleophilic attack in derivatives of
[4R] + appears to vary with the extent of electrophilic activation offered by the substituent R. The calculated NBO partial charges at the tetravalent phosphorus (P1 in Figure S9 showing sequential loss of either phosphinidene or diphosphene units from linear polyphosphines to give cyclophosphiness is shown in Scheme 13a. Cummins has recently shown by means of trapping experiments that a bulky cyclotriphosphine exists in equilibrium with a phosphinidene and a diphosphene. 71 Baudler has proposed an intermolecular -bond metathesis process as a means of accessing cyclophosphines of varying sizes (Scheme 13b). 72 As this concerted mechanism does not proceed via unsaturated intermediates, trapping experiments are not expected to yield any products. showed the AMX spin system previously reported for the cation. 27b Upon heating this solution to 80 o C for 2 h, a yellow colour appeared and a 31 P NMR assay showed quantitative conversion to Fellowship.
Experimental
General Considerations: All manipulations were carried out under an atmosphere of dry and deoxygenated N2 in a glovebox (H2O and O2 < 0.1 ppm) or using standard Schlenk methods.
Glassware was predried in an oven at 250 o C for several hours and cooled under dynamic vacuum prior to use. Solvents were dried and deoxygenated using a Grubbs type column and stored over activated 3 Å molecular sieves for a minimum of 24 hours. Compounds 1, 29 13 (br m, C 2 + C 3 , 2H). See Figure S13 (Supporting Information). 13 there was disorder in one of the triflate anions. The occupancies of the fragments was determined by refining them against a free variable with the sum of the two sites set to equal 1. The occupancies were then fixed at the refined values, and restraints and constraints were used to maintain sensible geometries and thermal parameters. Computational details: All calculations were performed using the Gaussian 09 suite. 84 Supporting Information.
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